Introduction
[2] Over the last decade, tremor has been discovered in several major fault zones including the Nankai [Obara, 2002] and Cascadia [Rogers and Dragert, 2003 ] subduction zones and the strike-slip San Andreas Fault (SAF) [Nadeau and Dolenc, 2005] . Large multi-day bursts of tremor seen in Nankai and Cascadia are closely associated in time and space with geodetically detected slow slip events [Rogers and Dragert, 2003; Obara et al., 2004] . Although tremor is challenging to locate, it appears to concentrate along the fault in both convergent [Shelly et al., 2006; La Rocca et al., 2009] and transform boundaries [Shelly et al., 2009] . Fluids were initially proposed to explain tremor [e.g. Katsumata and Kamaya, 2003 ], but mounting evidence argues that repeated shear slip is instead responsible [Shelly et al., 2007a; Ide et al., 2007; Wech and Creager, 2007; A. Thomas et al., Tremor-tide correlations and near-lithostatic pore pressure on the deep San Andreas Fault, submitted to Nature, 2009] .
[3] Although we know relatively little about deep fault deformation, slip on a localized deep fault would focus stress on the shallower seismogenic fault, possibly influencing the timing of earthquakes [Mazzotti and Adams, 2004] . In fact, evidence suggests large aseismic events may have preceded several major earthquakes, including the 1944 Tonankai, 1946 Nankai, and 1960 Chile subduction zone events [Roeloffs, 2006, and references therein] . On the other hand, most earthquakes, including the 2004 Parkfield earthquake [Bakun et al., 2005] , show no aseismic precursor on available geodetic instrumentation [Roeloffs, 2006; Johnston et al., 2006] . In particular, the Parkfield area was well monitored at the time of the earthquake with GPS, creepmeters, and borehole strain meters as part of the Parkfield prediction experiment [Bakun and Lindh, 1985] .
[4] Tremor may illuminate very small slip events that cannot be detected geodetically. In fact, tremor activity has been shown to scale directly with the size of slow slip [Aguiar et al., 2009] and is beginning to be used as a proxy to examine small deep slip events [Hiramatsu et al., 2008; Shelly et al., 2007b] . The 2004 Parkfield earthquake, bracketed by high-quality continuous seismic data, presents a unique opportunity to examine the relationship between tremor and a major earthquake.
[5] Deep tremor occurs frequently beneath the strike-slip San Andreas Fault southeast of Parkfield, California [Nadeau and Dolenc, 2005] , well below the seismogenic zone near the base of the crust. Although no accompanying geodetic signal has yet been detected [Johnston et al., 2006] , tremor locations aligned with the fault [Shelly et al., 2009] , and clear triggering by tidally induced right lateral shear stress on the fault (Thomas et al., submitted manuscript, 2009) argue that the tremor is generated by deep fault slip.
[6] Individual events composing tremor are often designated ''low frequency earthquakes'' (LFEs) [Katsumata and Kamaya, 2003] . In many ways, LFEs appear to be analogous to repeating earthquakes, which are usually interpreted as isolated ''sticky'' patches on the fault embedded in a generally creeping region [e.g., Nadeau and Johnson, 1999] . Indeed, repeating earthquakes have been used to infer subtle variations in fault creep rates not resolvable with surface geodetic data [Nadeau and McEvilly, 2004] . Similarly, tremor can potentially illuminate deformation occurring below the seismogenic zone, where we otherwise have few constraints. [8] Rather than examining the bulk duration of tremor in the area [Nadeau and Guilhem, 2009] , we instead study the recurrence of specific repeating similar events (i.e. LFEs) within tremor. This approach has several advantages including a greatly enhanced ability to identify short duration tremor, low amplitude tremor, and tremor occurring during active aftershock sequences. This method also permits analysis on much shorter spatial and temporal scales, differentiating activity on many small patches of the deep fault. We identify events using a matched filter technique with selected waveform templates and measure similarity as the sum of cross-correlation coefficients across all stations, similar to the approach employed by Shelly et al. [2007a Shelly et al. [ , 2007b (see Text S1 in the auxiliary material).
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[9] When possible, we locate the template events by identifying P and S phase arrivals on a combination of permanent and temporary stations installed in the area for several weeks during the fall of 2007 ( Figure 1 ). Although these phase arrivals are often difficult to discern, we obtain absolute location estimates of 11 of the 21 template events presented here. These locations are beneath the SAF south of Parkfield, extending $35 km along the fault, from 35.5 to 35.8 degrees latitude. Single-event depth estimates, ranging from 22 to 30 km, near the base of the crust, should bound the true depth range of these events (Table S1 ). Using absolute locations of several template events as a guide, we refine relative locations by observing migration patterns for the nearly constantly moving source (see Text S1). These interpreted locations are plotted alongside single event locations in Figure [Sieh, 1978] .
[10] We refer to the collection of events matched by each template as a ''family'' of events. While locations within each family vary somewhat, examination of cross-detections (detections of the same event by more than one template) suggests that events locate within 1 km of the template.
[11] Temporal changes in the rate of tremor activity or changes in the spatial distribution may indicate corresponding changes in deep slip [Hiramatsu et al., 2008; Aguiar et al., 2009] . In order to compare tremor rates over time, we select stations and components that operated most consistently since 2002 (a list of stations/components used is given in the auxiliary material). Unfortunately, changes to the pre-amplifier gain of the HRSN stations made in August and November 2003, which substantially lowered noise levels, make it impossible to reliably distinguish minor differences in rates before and after these times. This leaves an unfortunately short consistent observation period of 10.5 months before the September 2004 Parkfield mainshock. A parallel analysis conducted with separate NCSN stations in the area suggests no large changes in activity rates occurred between mid-2001 and 2004, but many events were too weak to be well resolved with this dataset. The M 6.5 San Simeon earthquake on December 22, 2003 ($60 km W of Parkfield) also complicates matters, both by inducing minor changes in tremor behavior and by affecting tremor detection ability due to the large number of aftershocks from this event.
Results and Discussion
[12] Before the Parkfield earthquake, most event families occur at rates at or below their average rates for the period of November 2003 through December 2008. Figure 2 shows examples of cumulative events with time for the northern event families (1 -7). While long-term rates appear steady (Figure 2b ), removing the overall trend accentuates subtle variations (Figure 2c) . Interestingly, the only families with substantially higher than average rates are the two most northerly, located almost directly below the eventual earthquake hypocenter, although $16 km deeper. This can be seen clearly in Figure 2a , which plots activity rates for each family over a moving 60-day window. Activity within these families initially increases somewhat in February -March 2004, and again more markedly from July -September. The activity in the northernmost event family during the 90 days preceding the 2004 earthquake is 47% above the November 2003 -December 2008 average ( Figure S3 ). This pre-earthquake rate increase does not extend south of family 2, beyond which activity is only seen to accelerate postearthquake (Figure 2 ).
[13] While the increased activity in the north is notable, it does not greatly exceed variations observed at other times. Furthermore, while an increase in activity rates can be seen between 11/2003 and 9/2004, the longer-term reference is provided by the post-Parkfield-earthquake period for this tremor family, which conceivably could remain depressed through 2008. Therefore, it's possible that the pre-earthquake rate increase is actually only a post-earthquake activity decrease.
[14] More pronounced, and possibly more robust, is a change in migration patterns. During the 3 months prior to the earthquake, migration episodes involving the northernmost event family changed from a mix of north and south propagating to become almost exclusively southward propagating. Figure 3 plots migration between events 1 and 4 (3a) and 1 and 6 (3b). This behavior suggests a change in the loading of this portion of the deep fault to become dominantly loaded from the north. A plausible explanation for this migration pattern and the higher activity rates is accelerated creep (i.e., a slow slip event) on the deep fault to the north during the 3 months preceding the earthquake (Figure 1b) .
[15] Interestingly, the last identifiable tremor before the earthquake (12:29 -12:51 UTC September 28, ending approximately 4.5 hours prior to the mainshock) demonstrates this dominantly southward migration (Figure 1c) . In this burst, tremor activity propagates 8-10 km southward over approximately 20-minutes. While this singular episode is not significant, it serves to highlight the trend of increasing episodes of this type in the months preceding the earthquake. Additional examples of two similar migration episodes during September 2004 are shown in Figure S4 . (Table S1 ), estimated from P and S wave arrival times. Colored circles, pluses, and diamonds show interpreted tremor event family locations, derived from a combination of arrival time picks and migration patterns. Corresponding event family numbers are also indicated. The red star shows the 2004 earthquake hypocenter. Solid blue triangles are stations used in event detection, while black triangles are additional temporary and permanent stations used for template location. Small dots are relocated earthquakes [Thurber et al., 2006] Figures 1a and 1b and show southerly migration. This type of episode was seen to become more common in the 3 months before the mainshock, possibly indicating accelerated slip on the deep fault to the north during this time period.
[16] If indeed a slow slip event triggered the increased tremor activity and unidirectional migration during JulySeptember 2004, it is unclear whether it impacted the nucleation of the Parkfield earthquake. First, the depth difference between the earthquake hypocenter (8.6 km) and the tremor ($25 km) is substantial (more than 16 km). If slip extended vertically to near the hypocenter, this would require the involvement of a large area of the fault. At the same time, accelerated slip would need to avoid penetrating more than a few km SE into the tremor zone, to where increased tremor rates are not observed. This could perhaps be explained if slip was triggered by elevated fluid pressure, which might preferentially propagate vertically due to the fluid/rock density contrast. Additionally, slip amplitude would need to remain small to evade detection by borehole strainmeters and continuous GPS stations in the area [Johnston et al., 2006] . Evading surface detection would probably be expected: if we assume the tremor rate is roughly proportional to slip, and that the average rate represents the fault slip rate of approximately 3 cm per year, we would expect to average 7.5 mm of slip in 3 months. Assuming this is exceeded by 47% ( Figure S3 ) at 11.0 mm of slip gives an excess of only 3.5 mm. If this slip extends over a circular dislocation with a diameter of 17 km, this would be equivalent to a M w = 4.9 event (assuming a shear modulus of 30 GPa). Slip of this small magnitude at this depth occurring over 3 months would almost certainly evade detection by shallow strainmeters and surface GPS receivers [Johnston et al., 2006; Smith and Gomberg, 2009] .
[17] Nadeau and Guilhem [2009] also examined tremor before the 2004 earthquake, but their method did not resolve tremor migration or the locally increased occurrence rates reported here. They did, however, highlight a large tremor episode of that occurred $3 weeks before the earthquake, terming it a ''foretremor.'' From the analysis here, the significance of this episode is not obvious, since the activity does not appear to differ markedly from other episodes during the study period. Also, the activity occurred relatively distant from the eventual earthquake hypocenter, concentrated in families 8 -16.
[18] After the earthquake, increases in tremor rates were widespread (Figure 2a ). Notable exceptions, however, were two northernmost families that exhibited pre-earthquake increases, possibly indicating little or no remaining slip deficit on these patches.
Conclusions
[19] Increased occurrence rates and dominantly southward migration of tremor beneath the 2004 earthquake hypocenter suggest accelerated creep at $25 km depth during the 3 months preceding the event. This supports the hypothesis that earthquake probabilities may be elevated Figure 2b . Notice high rates of occurrence at event families 1 (red) and 2 (purple) in the 3 months preceding the Parkfield earthquake. Rates of other families appear to increase only following the earthquake. during or shortly after adjacent slow slip events, but its actual significance with respect to the earthquake is unknown. Although we do not observe similar episodes since the earthquake, we cannot rule out the possibility that similar behavior may have occurred before the consistent record began in November 2003. In addition, we should be mindful of the ease of finding ''anomalies'' in hindsight. Given the relatively short tremor record, the observed behavior would not have warranted a response if observed at the time.
[20] While the spatial distribution of currently detectible tremor is limited, tremor has great potential to illuminate ongoing deep fault slip that cannot be resolved with surface geodetic instruments. Continued monitoring of this activity might eventually provide a means of making time-dependent earthquake forecasts in certain regions. Given that the tremor extends beneath the probable nucleation zone of the 1857 M 7.9 Fort Tejon earthquake [Sieh, 1978] , it would be prudent to monitor this tremor activity in real time, just as earthquake, GPS, and strain data in this area are currently monitored.
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